Abstract: Ti6Al4V titanium alloy is applied extensively in the aviation, aerospace, jet engine, and marine industries owing to its strength-to-weight ratio, excellent high-temperature properties and corrosion resistance. In order to extend the application range, investigations on welding characteristics of Ti6Al4V alloy using more welding methods are required. In the present study, Ti6Al4V alloy sheets were joined using resistance spot welding, and the weld nugget formation, mechanical properties (including tensile strength and hardness), and microstructure features of the resistance spot-welded joints were analyzed and evaluated. The visible indentations on the weld nugget surfaces caused by the electrode force and the surface expulsion were severe due to the high welding current. The weld nugget width at the sheets' faying surface was mainly affected by the welding current and welding time, and the welded joint height at weld nugget center was chiefly associated with electrode force. The maximum tensile load of welded joint was up to 14.3 kN in the pullout failure mode. The hardness of the weld nugget was the highest because of the coarse acicular α structure, and the hardness of the heat-affected zone increased in comparison to the base metal due to the transformation of the β phase to some fine acicular α phase.
Introduction
Ti6Al4V titanium alloy is widely used in the aerospace, marine, pressure vessel, and chemical industries, as well as for surgical implant, etc., owing to its unique properties, such as a high strength-to-weight ratio, excellent high-temperature properties and corrosion resistance; furthermore, the usage of Ti6Al4V alloy accounts for over 50% of the total titanium alloy tonnage, globally [1] [2] [3] [4] [5] . Many welding methods, such as tungsten inert gas welding (TIG) [6, 7] , laser welding [8] , electron beam welding [9] , plasma arc welding [10] , line friction welding [11] [12] [13] , and friction stir welding [14, 15] have been employed to weld titanium alloy in previous investigations.
Based on the existing literature, the TIG welding process is always used to weld butt joints of Ti6Al4V titanium alloy, but the weld structure is coarse, inducing high welding residual stress and distortion. The laser welding and electron beam welding processes are considered to be better replacements for the TIG welding process due to their advantages of high welding speed and slight welding distortion [6, 7] . But the laser welding and electron beam welding processes are more suitable to weld butt joints than lap joints due to the high depth-to-width ratio penetration ability. Even more importantly, the equipment investment and operating cost are high [6] [7] [8] [9] . The plasma arc welding process is a high-energy beam welding technology, and is utilized to weld the butt joint of thicker titanium alloy plate, which is similar to the laser welding process [10] . Line friction welding has been used to join titanium alloy bulk plates or parts because of its own process principles and
Materials and Methods
In this study, the base metal is Ti6Al4V titanium alloy sheet and the sheet thickness is 1 mm. The chemical composition of the base metal is listed in Table 1 . The schematic diagram of the resistance spot welding process is illustrated in Figure 1a , and the overlap joint configuration and dimensions of the specimen are shown in Figure 1b . Before welding, the specimens were cleaned to remove surface contamination and oxides. The resistance spot welding of the overlap joints was carried out using a DN-100 resistance spot welding machine (Denyo Kunshan Inc., Kunshan, China), and the tip diameter of Cu-Cr alloy electrodes was 6 mm. The resistance spot welding parameters include the welding current, welding time, and electrode force, and the experimental conditions are shown in Table 2 . The unit of welding time is the cycle (1 cycle = 0.02 s), and the welding current is continuous and constant in each cycle. A schematic diagram of the applied of welding current is shown in Figure 2 . 13 ]. The brazing process is easy to implement for joining titanium alloy, but this process must be carried out under vacuum conditions, and a long welding time is normally required [14, 15] . In the last three decades, friction stir welding has emerged as a new welding technology, and was adapted for welding thin sheets, not only for butt joints but also lap joints. However, owing to the high melting point of titanium alloy and the high contact forces between metal sheets and the friction tool, the choice of friction tool material is difficult and limited [16] [17] [18] .
Resistance spot welding (RSW) is widely used for lap joint assembly of two metal sheets, especially in the automotive industry, mainly owing to its high production efficiency, low operation cost and high degree of automation [19] . During the resistance spot welding process, the metal sheets are assembled as lap joints and the lap joint is compressed by two water-cooled electrodes. Then, the welding current is applied to metal sheets through the electrodes provided by the welding power. Due to the large contact resistance at the faying surface of the metal sheets, the Joule heat generates mainly at the faying surface, and then the metal sheets melt in a short time [20] . Finally, when the welding current supply is turned off, the melted metal solidifies, resulting in the joining of the metal sheets. Resistance spot welding has been employed for welding steel, aluminum alloys, magnesium alloys, nickel alloys, copper alloys, pure titanium, and dissimilar metals [21] [22] [23] [24] [25] . However, to the best of the authors' knowledge, there are few reports on resistance spot welding of Ti6Al4V titanium alloy sheets in the previous literature. In the present study, assembling the Ti6Al4V titanium alloy sheets into lap joints was performed by resistance spot welding, and then the welding characteristics, including weld nugget formation and the effects of the welding parameters on it, were investigated. Meanwhile, the mechanical properties, including tensile strength, hardness, and microstructure features, of the typical spot-welded joint were evaluated and analyzed in detail.
In this study, the base metal is Ti6Al4V titanium alloy sheet and the sheet thickness is 1 mm. The chemical composition of the base metal is listed in Table 1 . The schematic diagram of the resistance spot welding process is illustrated in Figure 1a , and the overlap joint configuration and dimensions of the specimen are shown in Figure 1b . Before welding, the specimens were cleaned to remove surface contamination and oxides. The resistance spot welding of the overlap joints was carried out using a DN-100 resistance spot welding machine (Denyo Kunshan Inc., Kunshan, China), and the tip diameter of Cu-Cr alloy electrodes was 6 mm. The resistance spot welding parameters include the welding current, welding time, and electrode force, and the experimental conditions are shown in Table 2 . The unit of welding time is the cycle (1 cycle = 0.02 s), and the welding current is continuous and constant in each cycle. A schematic diagram of the applied of welding current is shown in Figure  2 . After welding, the welded joints were sectioned along the spot weld nugget center, followed by mounting, polishing, and etching for microstructure observation. The etch solution consisted of 1 vol % HCl, 1.5 vol % HF, 2.5 vol % HNO3, and 95 vol % H2O. The microstructure was examined using an Eclipse E200 optical microscope (Nikon Instruments (Shanghai) Co., Ltd., Shanghai, China) and S-4700 scanning electron microscopy (SEM; Hitachi High-Technologies in China, Suzhou, China). The hardness measurement was performed on the cross-sections of spot welded joints using a HV-30 hardness machine (Shanghai Tuming Instrument Co., Ltd., Shanghai, China) with a 5 kgf test load. The tensile shear test was carried out by means of Instron 5500R material tensile machine (Instron, Division of Illinois Tool Works Inc., Norwood, MA, USA). The fracture surface morphology of spot welded joints was observed using SEM.
Results

Weld Nugget Formation
The typical appearances of resistance spot welded Ti6Al4V titanium alloy joints are shown in Figure 3 . Visible indentations could be seen on the weld nugget surfaces for all welded joints, which is a local plastic deformation on the sheets' surface owing to the high temperature and applied electrode force at the faying surface between electrode and sheet. During the resistance spot welding process, the expulsion on the weld nugget surface was an unfavorable phenomenon, and is mainly associated with the welding current. Although there was no expulsion on the weld nugget surface when the welding current was no more than 9 kA, a slight expulsion appeared along the edge of the weld nugget while the welding current was increased to 10 kA, as shown in Figure 3b . As seen in Figure 3c , when the welding current was increased to 11 kA, the expulsion became very severe. It is well known that severe expulsion may decrease the surface quality of the spot weld and cause adhesion between the electrode and specimen surfaces. Therefore, a low-level welding current should be chosen to suppress the expulsion on the weld nugget surface, thus improving the spot weld quality and electrode life. After welding, the welded joints were sectioned along the spot weld nugget center, followed by mounting, polishing, and etching for microstructure observation. The etch solution consisted of 1 vol % HCl, 1.5 vol % HF, 2.5 vol % HNO 3 , and 95 vol % H 2 O. The microstructure was examined using an Eclipse E200 optical microscope (Nikon Instruments (Shanghai) Co., Ltd., Shanghai, China) and S-4700 scanning electron microscopy (SEM; Hitachi High-Technologies in China, Suzhou, China). The hardness measurement was performed on the cross-sections of spot welded joints using a HV-30 hardness machine (Shanghai Tuming Instrument Co., Ltd., Shanghai, China) with a 5 kgf test load. The tensile shear test was carried out by means of Instron 5500R material tensile machine (Instron, Division of Illinois Tool Works Inc., Norwood, MA, USA). The fracture surface morphology of spot welded joints was observed using SEM.
Results
Weld Nugget Formation
The typical appearances of resistance spot welded Ti6Al4V titanium alloy joints are shown in Figure 3 . Visible indentations could be seen on the weld nugget surfaces for all welded joints, which is a local plastic deformation on the sheets' surface owing to the high temperature and applied electrode force at the faying surface between electrode and sheet. During the resistance spot welding process, the expulsion on the weld nugget surface was an unfavorable phenomenon, and is mainly associated with the welding current. Although there was no expulsion on the weld nugget surface when the welding current was no more than 9 kA, a slight expulsion appeared along the edge of the weld nugget while the welding current was increased to 10 kA, as shown in Figure 3b . As seen in Figure 3c , when the welding current was increased to 11 kA, the expulsion became very severe. It is well known that severe expulsion may decrease the surface quality of the spot weld and cause adhesion between the electrode and specimen surfaces. Therefore, a low-level welding current should be chosen to suppress the expulsion on the weld nugget surface, thus improving the spot weld quality and electrode life. Figure 4 illustrates the typical cross-section of spot welded joint with 9 kA welding current, 12 cycles welding time, and 3 kN electrode force. The joint of the resistance spot welded Ti6Al4V titanium alloy presents characteristics such as a large weld nugget width at the faying surface and full penetration in the weld nugget center. In this study, because the thickness of the Ti6Al4V titanium alloy sheet was only 1 mm, when the high-level welding heat input (high welding current or welding time) was used to obtain enough weld nugget width at the faying surface, this resulted in full melting from the faying surfaces outward to the electrodes. However, the two types of materials (metal sheet: Ti6Al4V alloy; electrode: Cu-Cr alloy) exhibited large differences in physical and chemical properties, which made the adhesion between them difficult, and thus no significant contamination of or damage to the electrodes occurred. A spot-welded joint consists of the weld nugget, the heat affected zone (HAZ), and the base metal. A distinct boundary exists between three different regions, and the HAZ is located between the weld nugget and the base metal. The indentations on the top surface and bottom surface of the welded joint are distinct, which causes the thickness of weld zone to decrease, especially in the weld center. In general, the spot weld morphology significantly affects the welded joint strength, and then two geometric dimensions are extracted as the evaluation index; namely, the weld nugget width (W) at the faying surface, and the welded joint height (H) in the spot weld center, as shown in Figure 4 . In resistance spot welding, the welding current flows from the electrode through the metal sheets' faying surface, with electrical resistance heat primarily being generated at the faying surface. Then, the metal sheets around the faying surface are heated and melted, which finally results in the formation of the weld nugget. The weld nugget morphology is mainly controlled by this heat generation. The heat generation can be determined as: Figure 4 illustrates the typical cross-section of spot welded joint with 9 kA welding current, 12 cycles welding time, and 3 kN electrode force. The joint of the resistance spot welded Ti6Al4V titanium alloy presents characteristics such as a large weld nugget width at the faying surface and full penetration in the weld nugget center. In this study, because the thickness of the Ti6Al4V titanium alloy sheet was only 1 mm, when the high-level welding heat input (high welding current or welding time) was used to obtain enough weld nugget width at the faying surface, this resulted in full melting from the faying surfaces outward to the electrodes. However, the two types of materials (metal sheet: Ti6Al4V alloy; electrode: Cu-Cr alloy) exhibited large differences in physical and chemical properties, which made the adhesion between them difficult, and thus no significant contamination of or damage to the electrodes occurred. A spot-welded joint consists of the weld nugget, the heat affected zone (HAZ), and the base metal. A distinct boundary exists between three different regions, and the HAZ is located between the weld nugget and the base metal. The indentations on the top surface and bottom surface of the welded joint are distinct, which causes the thickness of weld zone to decrease, especially in the weld center. In general, the spot weld morphology significantly affects the welded joint strength, and then two geometric dimensions are extracted as the evaluation index; namely, the weld nugget width (W) at the faying surface, and the welded joint height (H) in the spot weld center, as shown in Figure 4 . Figure 4 illustrates the typical cross-section of spot welded joint with 9 kA welding current, 12 cycles welding time, and 3 kN electrode force. The joint of the resistance spot welded Ti6Al4V titanium alloy presents characteristics such as a large weld nugget width at the faying surface and full penetration in the weld nugget center. In this study, because the thickness of the Ti6Al4V titanium alloy sheet was only 1 mm, when the high-level welding heat input (high welding current or welding time) was used to obtain enough weld nugget width at the faying surface, this resulted in full melting from the faying surfaces outward to the electrodes. However, the two types of materials (metal sheet: Ti6Al4V alloy; electrode: Cu-Cr alloy) exhibited large differences in physical and chemical properties, which made the adhesion between them difficult, and thus no significant contamination of or damage to the electrodes occurred. A spot-welded joint consists of the weld nugget, the heat affected zone (HAZ), and the base metal. A distinct boundary exists between three different regions, and the HAZ is located between the weld nugget and the base metal. The indentations on the top surface and bottom surface of the welded joint are distinct, which causes the thickness of weld zone to decrease, especially in the weld center. In general, the spot weld morphology significantly affects the welded joint strength, and then two geometric dimensions are extracted as the evaluation index; namely, the weld nugget width (W) at the faying surface, and the welded joint height (H) in the spot weld center, as shown in Figure 4 . In resistance spot welding, the welding current flows from the electrode through the metal sheets' faying surface, with electrical resistance heat primarily being generated at the faying surface. Then, the metal sheets around the faying surface are heated and melted, which finally results in the formation of the weld nugget. The weld nugget morphology is mainly controlled by this heat generation. The heat generation can be determined as: Figure 5 shows the effect of the single welding parameter on the weld nugget width (W) at the faying surface and the welded joint height (H) in the spot weld center.
In resistance spot welding, the welding current flows from the electrode through the metal sheets' faying surface, with electrical resistance heat primarily being generated at the faying surface. Then, the metal sheets around the faying surface are heated and melted, which finally results in the formation of the weld nugget. The weld nugget morphology is mainly controlled by this heat generation. The heat generation can be determined as:
where Q is the heat generation in joules, I is the welding current in amperes, R is the contact resistance in ohms, and t is the welding time in seconds [19] . As seen in Figure 5a , according to the Equation (1), when the welding current was increased from 7 kA to 10 kA, the heat generation increased correspondingly, which caused the weld nugget width (W) to increase from 6.3 mm to 7.9 mm; but, when the welding current was increased to 11 kA, the weld nugget width (W) tended to decrease, owing to the severe expulsion shown in Figure 3c . Since the higher welding current results in larger heat generation and a longer time above the melting temperature of the sheet material, the indentation is deeper. On the other hand, a higher welding current leads to severe expulsion. Thus, the welded joint height (H) decreased with the increase of the welding current, as shown in Figure 5a . As seen in Figure 5b , when the welding time was increased from 4 cycles to 12 cycles, the weld nugget width (W) evidently increased due to higher heat generation, in accordance with Equation (1); however, if the welding time continues to increase, the weld nugget width (W) has no obvious change, owing to the basic balance between the heat input rate and heat output rate. The longer the welding time was, the longer the electrode force applied, which resulted in deeper indentation, following which the welded joint height (H) slightly decreased with the increase of welding time.
As seen in Figure 5c , when the electrode force is increased from 2 kN to 5 kN, the weld nugget width (W) and welded joint height (H) all increase at first, and then obviously reduce. When the electrode force was 2 kN, the two metal sheets were not compressed tightly by the electrode force, leading to a high current density passing through the weld nugget zone, and then resulting in severe expulsion at the faying surface between the two metal sheets, as shown in Figure 6 . The severe expulsion at the faying surface was of no benefit to the growth of the weld nugget. While the electrode force increased to 3 kN, there was no evident expulsion; therefore, the weld nugget width (W) and welded joint height (H) had all increased, compared with of the values for 2 kN electrode force. If the electrode force continues to increase, two metal sheets are compressed tightly, and the current density passing through the weld nugget zone decreases, causing the weld nugget width (W) to sharply reduce. Meanwhile, the larger the electrode force, the deeper the indentation, as the welded joint height (H) decreased, as seen in Figure 5c . where Q is the heat generation in joules, I is the welding current in amperes, R is the contact resistance in ohms, and t is the welding time in seconds [19] . As seen in Figure 5a , according to the Equation (1), when the welding current was increased from 7 kA to 10 kA, the heat generation increased correspondingly, which caused the weld nugget width (W) to increase from 6.3 mm to 7.9 mm; but, when the welding current was increased to 11 kA, the weld nugget width (W) tended to decrease, owing to the severe expulsion shown in Figure 3c . Since the higher welding current results in larger heat generation and a longer time above the melting temperature of the sheet material, the indentation is deeper. On the other hand, a higher welding current leads to severe expulsion. Thus, the welded joint height (H) decreased with the increase of the welding current, as shown in Figure  5a . As seen in Figure 5b , when the welding time was increased from 4 cycles to 12 cycles, the weld nugget width (W) evidently increased due to higher heat generation, in accordance with Equation (1); however, if the welding time continues to increase, the weld nugget width (W) has no obvious change, owing to the basic balance between the heat input rate and heat output rate. The longer the welding time was, the longer the electrode force applied, which resulted in deeper indentation, following which the welded joint height (H) slightly decreased with the increase of welding time.
As seen in Figure 5c , when the electrode force is increased from 2 kN to 5 kN, the weld nugget width (W) and welded joint height (H) all increase at first, and then obviously reduce. When the electrode force was 2 kN, the two metal sheets were not compressed tightly by the electrode force, leading to a high current density passing through the weld nugget zone, and then resulting in severe expulsion at the faying surface between the two metal sheets, as shown in Figure 6 . The severe expulsion at the faying surface was of no benefit to the growth of the weld nugget. While the electrode force increased to 3 kN, there was no evident expulsion; therefore, the weld nugget width (W) and welded joint height (H) had all increased, compared with of the values for 2 kN electrode force. If the electrode force continues to increase, two metal sheets are compressed tightly, and the current density passing through the weld nugget zone decreases, causing the weld nugget width (W) to sharply reduce. Meanwhile, the larger the electrode force, the deeper the indentation, as the welded joint height (H) decreased, as seen in Figure 5c . 
Tensile Strength
The tensile shear test results demonstrated that the welding parameters had a direct effect on the tensile strength of tensile shear test specimens. The relationships between the weld parameters and tensile shear load are given in Figure 7 . In this investigation, the maximum tensile load of the specimen was up to 14.3 kN with the favorable welding parameters: 9 kA welding current, 12 cycles welding time, and 3 kN electrode force.
The tensile loads of specimens increase fast from 7 kA up to 9 kA welding current, where the maximum tensile load occurs, as shown in Figure 7a . The higher welding current caused severe expulsion and deep indentation, so the tensile load of the specimen decreased. As shown in Figure  7b , with the increase in welding time, the tensile loads of specimens increased at first, and then obviously tended to a constant level, which is consistent with the influence of welding time on weld nugget width (W). As seen in Figure 7c , when the electrode force is increased from 2 kN to 3 kN, the tensile loads of the specimens increase, owing to the increase of the weld nugget width (W). However, when the electrode force continues to increase, the tensile loads of the specimens sharply decrease due to the deeper indentation, resulting in the lower welded joint height (H). 
Expulsion
Tensile Strength
The tensile loads of specimens increase fast from 7 kA up to 9 kA welding current, where the maximum tensile load occurs, as shown in Figure 7a . The higher welding current caused severe expulsion and deep indentation, so the tensile load of the specimen decreased. As shown in Figure  7b , with the increase in welding time, the tensile loads of specimens increased at first, and then obviously tended to a constant level, which is consistent with the influence of welding time on weld nugget width (W). As seen in Figure 7c , when the electrode force is increased from 2 kN to 3 kN, the tensile loads of the specimens increase, owing to the increase of the weld nugget width (W). However, when the electrode force continues to increase, the tensile loads of the specimens sharply decrease due to the deeper indentation, resulting in the lower welded joint height (H). Figure 6 . Expulsion at the faying surface between two metal sheets.
Expulsion
Tensile Strength
The tensile loads of specimens increase fast from 7 kA up to 9 kA welding current, where the maximum tensile load occurs, as shown in Figure 7a . The higher welding current caused severe expulsion and deep indentation, so the tensile load of the specimen decreased. As shown in Figure 7b , with the increase in welding time, the tensile loads of specimens increased at first, and then obviously tended to a constant level, which is consistent with the influence of welding time on weld nugget width (W). As seen in Figure 7c , when the electrode force is increased from 2 kN to 3 kN, the tensile loads of the specimens increase, owing to the increase of the weld nugget width (W). However, when the electrode force continues to increase, the tensile loads of the specimens sharply decrease due to the deeper indentation, resulting in the lower welded joint height (H). During the tensile shear test, the partial interfacial failure (PIF) mode and pullout failure (PF) mode were observed, as shown in Figures 8 and 9 . For the partial interfacial failure mode, the tensile testing crack initiated at the two metal sheets faying surface owing to the stress concentration resulting from the notch at the periphery of the weld nugget shown in Figure 10a , and then propagated along the weld nugget circumference due to the electrode indentation resulting in the lower welded joint height (H). The fracture surface morphology of the tear weld nugget was observed at higher magnification with SEM. The upper part of the fracture surface displayed a brittle fracture feature, as shown in Figure 8b , and the lower part of fracture surface displayed a ductile fracture feature, as shown in Figure 8c . For the pullout failure mode, the tensile testing crack also originated at the two metal sheets' faying surface, but the crack propagated along the vertical thickness direction, and then the tensile testing specimen broke in the normal fracture mode, as shown in Figure 9a . The fracture surface shows dimple features, as shown in Figure 9b . In this investigation, the transition from the PIF mode to the PF mode was determined by the electrode indentation owing to enough weld nugget width (W) for all the welded joints, and if the welded joint height (H) was used to replace the electrode indentation as an evaluation index, the critical value of the welded joint height (H) was 1.55 mm. During the tensile shear test, the partial interfacial failure (PIF) mode and pullout failure (PF) mode were observed, as shown in Figures 8 and 9 . For the partial interfacial failure mode, the tensile testing crack initiated at the two metal sheets faying surface owing to the stress concentration resulting from the notch at the periphery of the weld nugget shown in Figure 10a , and then propagated along the weld nugget circumference due to the electrode indentation resulting in the lower welded joint height (H). The fracture surface morphology of the tear weld nugget was observed at higher magnification with SEM. The upper part of the fracture surface displayed a brittle fracture feature, as shown in Figure 8b , and the lower part of fracture surface displayed a ductile fracture feature, as shown in Figure 8c . For the pullout failure mode, the tensile testing crack also originated at the two metal sheets' faying surface, but the crack propagated along the vertical thickness direction, and then the tensile testing specimen broke in the normal fracture mode, as shown in Figure 9a . The fracture surface shows dimple features, as shown in Figure 9b . In this investigation, the transition from the PIF mode to the PF mode was determined by the electrode indentation owing to enough weld nugget width (W) for all the welded joints, and if the welded joint height (H) was used to replace the electrode indentation as an evaluation index, the critical value of the welded joint height (H) was 1.55 mm. Figure 10 indicates the typical microstructure features of a resistance spot welded Ti6Al4V titanium alloy joint obtained using 9 kA welding current, 12 cycles welding time, and 3 kN electrode force. The welded joint consists of three main zones-weld nugget, HAZ and base metal-and there is usually a clear delineation between the three zones, owing to the different microstructure feature. As seen in Figure 10a , there is an obvious notch in the edge of the weld nugget at the two metal sheets' faying surface resulting from the insufficient heat input in this region, which is always the initiation of a crack under load conditions. The microstructure of the base metal consists of a small percentage of β phase distributed at the elongated α phase grain boundary, which is the typical anneal structure for the α + β titanium alloy, as shown in Figure 10b . The microstructure in the HAZ is a mixture of primary α, primary β and transformation of β phase to some fine acicular α′ phase, as shown in Figure  10c . It could be inferred that the HAZ maximum temperature excursion was below the temperature of the β phase transit at 980-1000 °C and the cool rate was relatively rapid in this region due to its being close to the base metal. The grain structure of the weld nugget was coarsened compared with that of the base metal, owing to the large heat input and the slower cool rate in the weld nugget. In the weld nugget zone, the β phase structure entirely transformed to a coarse acicular martensite α′ phase, as shown in Figure 10d . Figure 10 indicates the typical microstructure features of a resistance spot welded Ti6Al4V titanium alloy joint obtained using 9 kA welding current, 12 cycles welding time, and 3 kN electrode force. The welded joint consists of three main zones-weld nugget, HAZ and base metal-and there is usually a clear delineation between the three zones, owing to the different microstructure feature. As seen in Figure 10a , there is an obvious notch in the edge of the weld nugget at the two metal sheets' faying surface resulting from the insufficient heat input in this region, which is always the initiation of a crack under load conditions. The microstructure of the base metal consists of a small percentage of β phase distributed at the elongated α phase grain boundary, which is the typical anneal structure for the α + β titanium alloy, as shown in Figure 10b . The microstructure in the HAZ is a mixture of primary α, primary β and transformation of β phase to some fine acicular α′ phase, as shown in Figure  10c . It could be inferred that the HAZ maximum temperature excursion was below the temperature of the β phase transit at 980-1000 °C and the cool rate was relatively rapid in this region due to its being close to the base metal. The grain structure of the weld nugget was coarsened compared with that of the base metal, owing to the large heat input and the slower cool rate in the weld nugget. In the weld nugget zone, the β phase structure entirely transformed to a coarse acicular martensite α′ phase, as shown in Figure 10d . Figure 10 indicates the typical microstructure features of a resistance spot welded Ti6Al4V titanium alloy joint obtained using 9 kA welding current, 12 cycles welding time, and 3 kN electrode force. The welded joint consists of three main zones-weld nugget, HAZ and base metal-and there is usually a clear delineation between the three zones, owing to the different microstructure feature. As seen in Figure 10a , there is an obvious notch in the edge of the weld nugget at the two metal sheets' faying surface resulting from the insufficient heat input in this region, which is always the initiation of a crack under load conditions. The microstructure of the base metal consists of a small percentage of β phase distributed at the elongated α phase grain boundary, which is the typical anneal structure for the α + β titanium alloy, as shown in Figure 10b . The microstructure in the HAZ is a mixture of primary α, primary β and transformation of β phase to some fine acicular α phase, as shown in Figure 10c . It could be inferred that the HAZ maximum temperature excursion was below the temperature of the β phase transit at 980-1000 • C and the cool rate was relatively rapid in this region due to its being close to the base metal. The grain structure of the weld nugget was coarsened compared with that of the base metal, owing to the large heat input and the slower cool rate in the weld nugget. In the weld nugget zone, the β phase structure entirely transformed to a coarse acicular martensite α phase, as shown in Figure 10d . 
Microstructure
Hardness Distribution
Hardness measurements were carried out on the cross-sections of the typical resistance spot welded joint obtained using the optimal welding parameters using 9 kA welding current, 12 cycles welding time and 3 kN electrode force. The measurements were performed along two directions, as illustrated in Figure 11a ,b. The measurement results are indicated in Figure 11c ,d, respectively. The average hardness of the base metal is 300 HV. The hardness of HAZ increases to about 318 HV. The average hardness of the weld nugget is the highest in the welded joint because of the acicular martensite microstructure in this region, shown in Figure 10d , and the peak hardness of the weld nugget reaches about 358 HV. Along the vertical measurement location, the hardness varies slightly, except for two location points close to the top and bottom surfaces, owing to the nearly full penetration, as shown in Figure 11d . Therefore, during the tensile test, because the weld nugget width at the faying surface was wide enough and the indentation was slight, a tensile testing crack initiated at the two metal sheets' faying surface and propagated along the vertical thickness direction in the HAZ owing to the lower hardness compared with weld nugget zone. 
HAZ
Hardness Distribution
Conclusions
Ti6Al4V titanium alloy sheets were well joined using resistance spot welding, and the welding characteristics were investigated in detail. The conclusions of this study are presented as follows:
(1) The visible indentations resulting from a local plastic deformation on the sheets' surface were caused by the electrode force at the faying surface between electrode and sheet. The expulsion on the weld nugget surface was mainly associated with the welding current. Although there was no expulsion on the weld nugget surface when the welding current was no more than 9 kA, with the welding current raised to 11 kA, the expulsion became very severe. (2) With an increase in welding current, the weld nugget width (W) increased, and the welded joint height (H) at the weld nugget center decreased. When the welding time was increased from 4 cycles to 20 cycles, the weld nugget width (W) at first increased, and then changed less obviously. When the electrode force was increased from 2 kN to 5 kN, the weld nugget width (W) and welded joint height (H) all increased at first, and then evidently decreased. (3) The maximum tensile load of the welded joint was up to 14.3 kN. Two types of failure mode were observed: partial interfacial failure and pullout failure. In this investigation, the transition from PIF mode to PF mode was determined by the electrode indentation owing to enough weld nugget width (W) for all welded joints. The critical value of the welded joint height (H) was 1.55 mm. (4) The welded joint mainly consisted of three zones-weld nugget, HAZ and base metal-and there was an obvious notch in the edge of the weld nugget at the two metal sheets' faying surface resulting from the insufficient heat input in this region. In the weld nugget zone, it could be seen that the β phase structure entirely transformed to a coarse acicular martensite α′ phase; therefore, the hardness of the weld nugget was the highest. The microstructure in HAZ was a mixture of primary α, primary β, and a transformation of the β phase to fine acicular α′ phase, resulting in the increase of hardness in the HAZ compared with the base metal. 
(1) The visible indentations resulting from a local plastic deformation on the sheets' surface were caused by the electrode force at the faying surface between electrode and sheet. The expulsion on the weld nugget surface was mainly associated with the welding current. Although there was no expulsion on the weld nugget surface when the welding current was no more than 9 kA, with the welding current raised to 11 kA, the expulsion became very severe. (2) With an increase in welding current, the weld nugget width (W) increased, and the welded joint height (H) at the weld nugget center decreased. When the welding time was increased from 4 cycles to 20 cycles, the weld nugget width (W) at first increased, and then changed less obviously. When the electrode force was increased from 2 kN to 5 kN, the weld nugget width (W) and welded joint height (H) all increased at first, and then evidently decreased. (3) The maximum tensile load of the welded joint was up to 14.3 kN. Two types of failure mode were observed: partial interfacial failure and pullout failure. In this investigation, the transition from PIF mode to PF mode was determined by the electrode indentation owing to enough weld nugget width (W) for all welded joints. The critical value of the welded joint height (H) was 1.55 mm. (4) The welded joint mainly consisted of three zones-weld nugget, HAZ and base metal-and there was an obvious notch in the edge of the weld nugget at the two metal sheets' faying surface resulting from the insufficient heat input in this region. In the weld nugget zone, it could be seen that the β phase structure entirely transformed to a coarse acicular martensite α phase; therefore, the hardness of the weld nugget was the highest. The microstructure in HAZ was a mixture of primary α, primary β, and a transformation of the β phase to fine acicular α phase, resulting in the increase of hardness in the HAZ compared with the base metal.
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